PCR co-amplification of two distinct HIV1 far gene sequences lead to the formation of recombinant DNA molecules. The frequency of such recombinants, up to 5.4% of all amplified molecules, could be decreased 2.7 fold by a 6 fold increase in Taq DNA polymerase elongation time. Crossover sites mapped essentially to three discrete regions suggesting specific Taq DNA polymerase pause or termination sites. PCR mediated recombination may be a problem when studying heterogeneous genetic material such as RNA viruses, multigene families, or repetitive sequences. This phenomenon can be exploited to create chlmerlc molecules from related sequences.
INTRODUCTION
It is assumed that the products after polymerase chain reaction (PCR; refs. I -3) are homogeneous. This is usually so. However when target sequences, such as multigene families, alleles or RNA viruses are amplified, the PCR products will be heterogeneous. In such instances recombinant or 'shuffled' molecules, i.e. molecules composed of parts of two different sequences artificially combined during PCR may be produced (4) . However the frequency or the factors influencing the generation of these PCR artifacts are not known.
PCR mediated recombinants presumably arise due to the presence of a proportion of incompletely extended primers annealing to a heterologous target sequence. Incomplete DNA strand synthesis has recently been described (5) and is enshrined in standard PCR protocols in which the last step is a 10 minute polymerization reaction. Despite a certain degree of nucleotide mismatching present in such partially double stranded molecules they will probably be completed in the subsequent elongation step. Indeed it has been shown that even a mismatch of the 3' base in the primer may result in strand synthesis (6) .
Our interest in PCR mediated recombination stems from the fact that PCR has been extensively used to characterize human immunodeficiency virus type I (HIV-1) proviral populations which are very heterogenous (7, 8) . During replication HTV, like other RNA viruses, exhibits a high nucleotide misincorporation rate. Thus HTV-infected persons always harbour a cluster of related viral genomes. Consequently single viral sequences are not sufficient to adequately describe any viral strain and a population based approach should be used. By cloning PCR amplified DNA and sequencing individual clones viral populations were established (7).
For such a strategy to be valid certain requirements have to be fulfilled: 1) the amplification primers should pick up all of the sequences present; 2) the cloning and selection of clones for sequencing should be unbiased; 3) the intrinsic Taq DNA polymerase misincorporation rate during primer elongation reactions should be significantly lower than the variation within the gene or locus to be studied and 4) the frequency of PCR mediated recombination should be low.
The first three points have already been addressed specfically for HIV1 (6) (7) (8) . In this paper the problem of PCR mediated recombination between related sequences is addressed. For a 242 base pair segment of the HIV1 tat gene the frequency of recombinant or shuffled clones is no greater than 5%.
MATERIALS AND METHODS Plasmids
Plasmids pSV2tatBru and pSV2tatMal contain the first coding exon of the tat genes derived from molecular clones of HFV-1 strain Bru and HIV-1 strain Mai respectively (9,10). The latter plasmid was constructed in a similar fashion as previously described for pSV2tatBru (7). Since the same PCR primers, namely Tl and T2, were used for their construction both HIV regions are flanked by the same sequences.
Oligodeoxynucleotides
All oligodeoxynucleotides were synthesized on an Applied Biosystems DNA synthesizer (model 380) using phosphoramidate chemistry. After detritylation and alkaline deprotection, crude material was used for all applications without any further purification. The Tl and T2 primers have already been described (7). The sequences of the hybridization primers Bl and B2 (HIV1 Bru specific) and Ml and M2 (HIV1 Mai specific) are shown in Figure 1 .
PCR and M13 cloning
Ten nanograms (approximately 2X1O 9 molecules) of plasmid pSV2tatBru and pSV2tatMal DNA were mixed and subjected to 35 cycles of amplification with primers Tl and T2 in a Perkin Elmer-Cetus thermal cycler. Reactions contained 2.5mM * To whom correspondence should be addressed MgCl 2 , 50mM KC1, lOmM Tris-HCl pH 8.3, 0.2mM dNTPs each, 50pmol of each primer, 2.5U Taq DNA polymerase (Cetus, approximately 64 X10 9 molecules initially) in a final volume of 100/tl and were overlaid with 50/tl of heavy white mineral oil (Sigma). Thermal cycling conditions were 1 min. at 95°C, 1 min. at 55°C and 30 sec. or 3 min. at 72°C. Amplification was completed by a final incubation at 72°C for 10 min. PCR products were purified from 5% polyacrylamide gels, cleaved with Hindm and Kpnl (which cut only in the Tl and T2 amplification primer sequences) and ligated to similariJy digested and dephosphorylated M13mpl8 RF DNA. After transformation of E.coli strain TGI white plaques from X-Gal/IPTG plates were screened for Bru/Mal or Mal/Bru recombinants.
Screening for Bra-Ma] recombinants
About 500 white M13 plaques from each of the 30 second and 3 minute PCR reactions were repicked in quadruplicate on LB plates covered with TGI. After transfer to nitrocellulose, filters were prehybridized for 1 h at 37°C in 5 x SSC and 1 x Denhardt's solution. Filters were then transferred to a fresh solution (as above) containing a further 2mM EDTA and 5'-32 P end-labelled and heat-denatured primer (10 6 cpm/ml hybridization solution). Each filter was hybridized with only one of the four probes for lh at 37°C. The specificity of these HIV1 Bru and Mai probes was first tested on M13 clones carrying either the corresponding Bru or Mai target sequences. The hybridization and washing conditions were such that the probes were completely specific. Thus filters were washed 3 times in 2 xSCC, 0.1 % SDS at 37°C and exposed to X-ray film overnight. M13 plaques giving positive hybridization signals with Bl and M2 or Ml and B2 primers were picked and prepared for DNA sequencing.
Localisation of crossover sites All Bru/Mal recombinant clones were sequenced with the universal M13 primer by standard dideoxy methods using (a-35 S) dATP (600 Ci/mmol) and resolved on buffer gradient gels as previously described (11) .
RESULTS
An equimolar mixture of plasmids pSV2tatBru and pSV2tatMal (lOng each) was subjected to 35 cycles of PCR under standard conditions using 30 sec. or 3 min. elongation times. Amplified tat gene sequences were cloned into M13mpl8 and screened for recombinants. The rationale for using a relatively high initial DNA concentration was the following: recombinant PCR products probably arise when partially extended primers anneal to heterologous target sequences and are elongated. For such an event to occur the abortive extension products must compete successfully with the normal PCR amplification primers for target sequences. The probability of this occuring will increase with each subsequent round of amplification as the ratio of normal PCR primer to target DNA progressively decreases. By using a high initial plasmid concentration these conditions would be reached relatively early on in the reaction, consequently favouring recombination. Thus recombinant frequencies derived from these experiments would represent upper estimates for such events in an otherwise typical PCR reaction. Tabte 1. Frequencies of region specific PCR mediated recombinants. The six regions are described in Fig. 1 . The number of recombinants, their relative proportion and the recombination frequency per base (i.e. the number of recombinants/region normalized to the length of that region) are given separately for the 30 second and 3 minute experiments. The combined totals are shown on the right of the table. Figure 1 . In addition the strain specific hybridization probes Bl and B2 (HIV1 Bru) and Ml and M2 (HIV1 Mai) used in the study are also shown. The PCR amplification primers Tl and T2 used to amplify the Bru and Mai tat sequences flank the 5' and 3' ends of the sequences respectively.
A total of 37 plaques were positive on hybridization with Bl and M2 or Ml and B2 and therefore considered recombinant molecules. Twenty-seven (5.4% of all plaques picked) were identified when the elongation time was 30 seconds and only ten (2.1% of all plaques picked) when the elongation time was 3 minutes. The comparable frequencies of B1/M2 and M1/B2 recombinants in both experiments suggested that recombinant formation was unbiased (data not shown).
In order to localize the crossover points all 37 recombinants were sequenced. Given that the HIV1 Bru and MaJ tat genes differed by 32 bases (13%) between the hybridization probes, these sites could be mapped to within 10 -54 bases depending on the segment (Fig. 1) . The number and proportion of recombinants as identified by their crossover regions are given in Table 1 . While there were fewer recombinants detected using a longer elongation time their relative proportion for a given region remained essentially the same. Alt 37 recombinants encoded a single recombination site. However the length of the six crossover regions varied considerably (Fig. 1) . Thus the recombinant frequency per base pair (i.e. the number of recombinants/ region normalized to the length of the region) is also given in Table 1 . This value is comparable for regions 1, 2 and 6, and significantly less for regions 3, 4 and 5. This suggested that there were preferred regions in the tat gene sequence for PCR mediated recombination.
The HTV-lBru and Mai sequences between the Tl and T2 amplification primers were examined for secondary structure using the programmes of Zuker (12) . No obvious or stable secondary structures coincided with the recombination regions.
DISCUSSION
That recombinant structures were identified meant that incompletely elongated DNA strands were produced in the PCR reactions even after an elongation time of 3 minutes. Their formation could be due to one of three possibilities. Firsdy, Taq DNA polymerase could be simply pausing on the template. This event must be of the order of a minute or so such that continued strand synthesis may be interrupted by thermal cycling. Secondly, it could be due to premature termination. This would be consistent with the fact that Taq DNA polymerase is only a moderately processive enzyme.
A third possibility is that there may be preferred sites of nucleation between complementary DNA strands. During the renaturation and elongation steps this may give rise to partially double stranded structures leading to blocking of the Taq DNA polymerase. If this was really operative one would have expected more recombinants in the case of the 3 minute elongation reaction as compared to the 30 second reaction. That the converse was found would appear to argue against this. Indeed the observation is consistent with either of the first two possibilities. Despite the lack of any obvious secondary structure it was possible that regions 1, 2 and 6 in the tat sequence in question were particularly vulnerable to PCR mediated recombination and therefore not representative. In order to see whether recombinants could be identified at comparable frequencies within another sequence, a 111 base pair fragment in the first hypervariable region of the HIV1 env gene was studied. Two distinct env sequences (clones B40.01 and B40.02, ref. 8) were chosen. Using identical PCR conditions as in above experiments (elongation time 30 sec.) the overall recombinant frequency turned out to be a factor of six less when normalized to the comparable tat experiment. This means that recombinant frequencies are of the order of 1 -5% suggesting that PCR mediated recombination is a general phenomenon.
On a practical level the frequency of HTV1 tat recombinants does not significantly affect the strategy adopted in describing HTV1 proviral populations (7). In this work 20 clones of each sample were sequenced yielding a resolution of 5 %. These studies incorporated an elongation time of 1 minute which would place the resolution of the study just above the threshold of recombinant formation. Yet given the highly unfavourable conditions used here (i.e. high input DNA concentration) the recombinant frequencies described in this paper must represent upper limits.
It is to be expected that recombinant formation will be a function of the particular sequence (specific pause or termination sites), the length of target DNA (by virtue of encoding more sites), the elongation time (shown here) and initial DNA and Taq DNA polymerase concentration (presumably). Indeed conditions could be 'optimized' for the recovery of recombinants. This could be achieved by reducing the primer concentration, conducting only two cycle PCR with a short annealing/elongation time and ensuring that the molar ratio of input DNA to enzyme was not too low. In so doing a wide range of recombinant molecules could be generated. Even in this 'unoptimized' study a total of 10 HTV1 tat gene recombinants were produced judging from the amino acid sequences (Fig. 2) . Thus PCR mediated recombination can even be exploited to produce a series of chimeric molecules in a single experiment.
Finally this study points out the vagaries of carrying out PCR for an excessive number of cycles. Such recombinant sequences are not expected to be problematic if lower concentrations of template and fewer cycles are used. Carrying out PCR of heterogeneous target DNA with short elongation times (i.e. two cycle PCR) is strongly argued against.
